Purpose To evaluate and compare the diagnostic ability of spectral domain optical coherence tomography (SD-OCT) for detecting localized retinal nerve fiber layer (RNFL) defects in topographic RNFL maps and circumpapillary RNFL (cpRNFL) thickness measurements. Methods Sixty-four eyes with localized RNFL defects in red-free RNFL photographs and 72 healthy eyes were included. All participants were imaged with SD-OCT. The area and angular width of the localized RNFL defects were measured with ImageJ software on RNFL thickness map, significance map (yellow pixels, o5% level), and red-free RNFL photographs. The sensitivity, specificity, and area under the receiver operating characteristic curves (AUCs) were calculated for cpRNFL thickness, macular inner retina thickness, and RNFL maps (thickness, significance) according to the quantitative measurements and a o5% level of classification to distinguish eyes with localized RNFL defects from healthy eyes. Results RNFL thickness map (sensitivity 96.9-98.4%, specificity 86.1-98.6%, and AUCs 0.915-0.992) and significance map (sensitivity 96.9-98.4%, specificity 88.9-95.8%, and AUCs 0.937-0.983) showed superior performance in detecting localized RNFL defects compared with other parameters (P-value 0.001-0.024) except for 36 sector cpRNFL thickness (sensitivity 92.2%, specificity 87.5%, and AUCs 0.898; P-value 0.080-0.545). The sensitivity for detecting RNFL defects was related to the angular width, area, and depth of the RNFL defects in the cpRNFL (4 sector, 12 sector) and macular inner retinal measurements. RNFL thickness and significance maps showed a constant sensitivity regardless of variations in angular width, area, and depth of the RNFL defects. Conclusion RNFL thickness and significance maps could be used to distinguish eyes with localized RNFL defects from healthy eyes more effectively than cpRNFL thickness and macular inner retina thickness measurements.
Introduction
Glaucoma is an optic neuropathy characterized by selective and progressive injury to the retinal ganglion cells, leading to loss of the retinal nerve fiber layer (RNFL). The advent of optical coherence tomography (OCT) has allowed quantitative evaluation of RNFL thickness. Circumpapillary RNFL (CpRNFL) measurement using OCT is a widely accepted clinical technique for assessing glaucoma. [1] [2] [3] Recently, spectral domain OCT (SD-OCT) with high scan speed and resolution has made regional RNFL imaging and quantitative analysis of a broader area possible. [4] [5] [6] Regional RNFL imaging provides topographic thickness information, so a quantitative analysis of the RNFL thickness map is expected to have potential advantages in detecting localized RNFL defects.
Conventional cpRNFL measurements have a similar diagnostic ability to detect localized RNFL defects between time domain OCT and SD-OCT devices. 7, 8 In recent studies, the RNFL deviation map from SD-OCT has shown superior performance in detecting RNFL and visual field (VF) defects compared with cpRNFL measurements. 7, 9 The RNFL deviation map is composed of red-yellow coded pixels that are modified from the RNFL thickness map compared with a normative database. The RNFL thickness map is a color-scale image containing numeric data of RNFL thickness measurements that may reflect the actual RNFL topographic features more closely. To our knowledge, little is known about the diagnostic performance of RNFL thickness map detecting localized RNFL defects.
The RNFL, which is the axonal fibers of retinal ganglion cells, is distributed all over the retina in a characteristic pattern from the optic nerve to the peripheral retina. Because damage to the RNFL can occur anywhere, 6 Â 6 mm 2 regional RNFL imaging may miss RNFL defects outside the scanning regions. Glaucoma leads to thinning of the macular nerve fiber layer (NFL), ganglion cell layer (GCL), and inner plexiform layer (IPL). 10, 11 Most of the commercial SD-OCTs can measure these three innermost layers (ganglion cell complex (GCC)) and can detect RNFL defects in GCC substructure imaging.
Therefore, this study was designed to evaluate and compare the ability of SD-OCT in detecting glaucomatous localized RNFL defects in RNFL maps with conventional cpRNFL thickness and macular GCC thickness measurements.
Materials and methods

Participants
For this prospective study, we enrolled patients with localized RNFL defects and normal control subjects who visited the glaucoma center at Hanyang University Medical Center from September 2010 to August 2011. The study protocol was approved by the institutional review board of Hanyang University Medical Center and followed the tenets of the Declaration of Helsinki. Informed consent was obtained from all the participants.
All subjects underwent comprehensive ophthalmic examinations, including a visual acuity test, applanation tonometry, refraction, gonioscopy, fundus examination, pachymetry (SP-3000; Tomey, Nagoya, Japan), standard automated perimetry (Humphrey Field analyzer; Carl Zeiss Meditec, Dublin, CA, USA), and RNFL photography with a confocal scanning laser ophthalmoscope (cSLO, F-10; Nidek, Gamagori, Japan). SD-OCT (3D OCT-2000, software version 7.11; Topcon, Tokyo, Japan) for RNFL thickness mapping was performed on the same day as cSLO RNFL photography.
The inclusion criterion was the presence of localized RNFL defects on cSLO RNFL photographs associated with glaucoma. Glaucoma was defined as the glaucomatous appearance of the optic nerve head on color fundus photographs (increased cupping, neuroretinal rim notching, optic disc hemorrhage, or cup-to-disc ratio 40.2 between the eyes) and the presence of VF defects that corresponded to RNFL defects and optic nerve head abnormalities. Preperimetric glaucoma was defined as a localized wedge-shaped RNFL defect clearly visible on cSLO RNFL photography with normal VF results. Control subjects had a normal appearing RNFL, optic nerve heads on cSLO RNFL photographs, VFs tests, and no history of intraocular pressure 421 mm Hg. Eyes with best-corrected visual acuity worse than 20/40, spherical equivalent refractive errors less than À 8.0 diopters or greater than þ 4.0 diopters, or the presence of any ophthalmic or neurological disease known to affect RNFL thickness or visual function were excluded. When both eyes of a subject were eligible, one eye was selected at random.
RNFL imaging by cSLO
Wide-angle (60 degree) red-free RNFL photographs were obtained by an F-10 cSLO device using the blue (490 nm) reflectance imaging technique. A conventional red-free RNFL photo camera detects light scattered at the lens or vitreous as well as the signal reflected at the RNFL. Although blue light is affected by media opacities, shorter wavelengths yield higher resolution. 12 The quality and contrast of the images can be improved using a confocal technique. 13 To quantitatively compare the same region of the RNFL maps, cSLO RNFL photographs were overlaid with 3D OCT-2000 color disc photographs as reference images using Matlab R2010b (The MathWorks Inc., Natick, MA, USA). Image registration was performed by a control point selection tool according to the retinal blood vessels that were matched between the cSLO RNFL photograph and the reference image. The RNFL defect areas were measured within the 5 Â 5 mm 2 parapapillary area, and angular measurements were performed on the 3.4-mm diameter circle using ImageJ software (version 1.45; developed by Wayne Rasbands, National Institutes of Health, Bethesda, MD, USA http://rsb.info.nih.gov/ij/). All topographic measurements of RNFL defects were performed by two masked examiners (JWS and KBU) to determine the interobserver intraclass correlation coefficient. The measurements were repeated three times by each examiner to determine the intraobserver coefficient of variation.
RNFL imaging by SD-OCT
To obtain the parapapillary RNFL map, a 3D disc scan protocol was applied using a 3D OCT-2000 with an 840 nm wavelength light source, a 5-mm axial image resolution, and a speed of 50 000 A-scans per second. This protocol generated 128 horizontal B-scans each comprised of 512 A-scans on the 6 Â 6 mm 2 optic disc region. The built-in analysis software (version 7.11) automatically segmented the RNFL boundary and calculated the RNFL thickness. The optic disc center was automatically detected, and a 3.4-mm diameter circle, which consisted of 1024 A-scans, was placed around the optic disc center. Conventional cpRNFL measurements on the 3.4-mm diameter circle were taken and averages were computed for the 4, 12, and 36 sectors (Figure 1a ).
The RNFL defects were defined as Z1 sector at o5% of the normal level in cpRNFL thickness measurements.
The RNFL thickness map was generated within the 6 Â 6 mm 2 The RNFL significance map and RNFL thickness map were obtained by Topcon 3D OCT-2000, and the RNFL photograph was captured by a Nidek F-10 cSLO. Each boundary of the RNFL defects was manually delineated. The areas of the RNFL defects were measured on the 5 Â 5 mm 2 parapapillary area using ImageJ software (black lines). The angular width and location of the RNFL defects were measured on the 3.4-mm diameter circle (yellow lines). (c) The macular inner retinal thickness is presented as the superior, inferior, and total average components within the 6 Â 6 mm 2 macular region.
o5% level), the area, angular width, and angular location of the RNFL defects were measured using ImageJ software. A RNFL defect was defined as a wedgeshaped dark blue area surrounding an abrupt color scale change in the RNFL thickness map, and at least five contiguous red or yellow pixels in the RNFL significance map corresponding to photographic localized RNFL defects. The minimum defect size was larger than the diameter of a major retinal vessel. Each boundary was manually delineated, and the RNFL defect areas were measured within the 5 Â 5 mm 2 parapapillary area. The angular width and location of the RNFL defects were measured on a 3.4-mm diameter circle from the optic disc center (Figure 1b ). Angles were measured in a clockwise direction in right eyes and in a counterclockwise direction in left eyes, with the temporal equator set at 01. The angular measurement was recorded based on right eye orientation, and defects were assigned a clock-hour location according to the measured angles.
A 3D macular vertical scan protocol was used to obtain the macular inner retinal thickness. It consisted of 128 vertical B-scans each comprised of 512 A-scans within the 7 Â 7 mm 2 macular region. The NFL, GCL þ IPL, and GCC thicknesses were recorded as the superior, inferior, and total average components within the 6 Â 6 mm 2 macular region ( Figure 1c ).
Statistical analysis
To evaluate the difference between the normal and glaucomatous eyes with RNFL defects, we compared the means of all the parameters using an independent t-test. For the analysis, we grouped borderline and outside normal limits together as abnormal results (abnormality at the fifth percentile). The sensitivity and specificity of each parameter were compared by the Pearson's chi-square test or the Fisher's exact test. To determine the discriminating power for RNFL defects, areas under the receiver operating characteristic curve (AUCs) were calculated. Significant differences between AUCs were assessed using the method described by DeLong et al. 14 Reproducibility was assessed by calculating the intraclass correlation coefficients and the coefficients of variation for interobserver and intraobserver topographic measurements, respectively. P-values of r0.05 were considered statistically significant. All statistical analyses were performed using the SPSS software (Version 17.0; SPSS Inc., Chicago, IL, USA).
Results
A total of 136 eyes of 136 participants were included in the study. There were 64 glaucomatous eyes with localized RNFL defects and 72 normal control eyes.
Sixteen eyes had superior RNFL defects, 33 had inferior RNFL defects, and 15 had both superior and inferior RNFL defects (31 superior defects and 48 inferior defects). The average mean deviation of VF tests were significantly different between the normal and localized RFNL defect groups ( À 1.47±0.92 dB and À 6.26±4.16 dB, respectively, Po0.001). There were no significant differences in age, gender, laterality, refractive error, and central corneal thickness between the two groups. The interobserver intraclass correlation coefficients in topographic measurements ranged from 0.961 to 1.000 (lower 95% confidence interval 0.909-1.000), and the intraobserver coefficients of variation varied between 0.81 and 5.70%. Table 1 shows the cpRNFL thickness, macular inner retinal thickness, and angular width and area of RNFL defects in the RNFL maps. Almost all of these quantitative measurements were significantly different between the normal control eyes and the eyes with RNFL defects (all Po0.05, except circumpapillary 9-clock-hour RNFL thickness). The AUCs in terms of quantitative measurements are also presented in Table 1 . The angular width and area in the RNFL thickness map (sensitivity 98.4%, specificity 97.0-98.6%, and AUCs 0.985-0.992) and significance map (sensitivity 96.9-98.2%, specificity 95.5-95.8%, and AUCs 0.975-0.983) showed a superior performance in detecting the localized RNFL defects compared with the other parameters (all Po0.05).
The sensitivity, specificity, and AUCs according to the abnormal RNFL criteria (o5% level) provided by the built-in normative database are documented in Table 2 . The two parameters with the highest discriminating ability for RNFL defects were the significance map (sensitivity 98.4%, specificity 88.9%, and AUC 0.937) and the thickness map (sensitivity 96.9%, specificity 86.1%, and AUC 0.915). The significance map and the thickness map had a higher sensitivity and AUCs compared with the other parameters (P-value 0.001-0.024) except for the 36 sector cpRNFL thickness (sensitivity 92.2%, specificity 87.5%, and AUC 0.898; P-value 0.080-0.545). The 4 sector RNFL thickness and GCL þ IPL thickness measurements had a high specificity (97.2 and 94.4%, respectively), but sensitivity was low (65.6 and 57.8%, respectively).
The sensitivity for detecting RNFL defects according to the abnormal RNFL criteria (o5% level) was related to the angular width, area, and thickness of the RNFL defects in the cpRNFL measurements (4 sector, 12 sector) and the macular inner retinal measurements (all Po0.05). The RNFL thickness and significance maps showed a relatively constant sensitivity regardless of the variations in angular width, area, and depth of the RNFL defects (all P40.05 except the relationship between the angular width of photographic RNFL defects and the significance map). These findings mean that the RNFL thickness and significance maps could detect smaller and shallower RNFL defects with higher sensitivity than the cpRNFL thickness and macular inner retinal thickness measurements (Table 3) . Abbreviations: AUC, area under the receiver operating characteristic curve; CI, confidence interval; GCC, ganglion cell complex; GCL, ganglion cell layer; IPL, inner plexiform layer; NFL, nerve fiber layer; RNFL, retinal nerve fiber layer; ROC, receiver operating characteristic; Sp, specificity.
Diagnostic ability of RNFL maps JW Shin et al
In the group in which localized RNFL defects could not be detected based on the abnormal RNFL criteria of cpRNFL thickness and macular inner retinal thickness parameters, the angular width and area of the RNFL defects on cSLO RNFL photography were significantly smaller, and the average RNFL thickness of the RNFL defects on SD-OCT was significantly greater (all Po0.05). The RNFL thickness and significance maps showed similar results but were not statistically significant because of the small size of the non-detected group ( Table 4) .
Discussion
RNFL damage can precede detectable optic disc changes and VF loss. 15, 16 RNFL abnormalities detected by RNFL photographs were observed in 60% of eyes approximately 6 years before any detectable VF defects. 16 RNFL photography has proven to be the most useful means of detecting RNFL defects. 17 However, RNFL photographs visualize RNFL defects only as areas of reduced optical reflectance compared with thicker areas of the RNFL, and it is difficult to quantify the thickness of the RNFL defect. 18 SD-OCT with high scan speed and resolution provides a three-dimensional RNFL image as a form of topographic RNFL map. In this study, we found that the SD-OCT RNFL thickness map and significance map could discriminate eyes with localized RNFL defects from healthy eyes more effectively when compared with conventional cpRNFL thickness and macular inner retinal thickness measurements.
A previous study reported that the sensitivity and specificity of red-free RNFL photography for discriminating RNFL defects were 80 and 94%, respectively. 17 Conventional cpRNFL measurements have a sensitivity range from 56.5 to 85.9% and a specificity range from 80.0 to 97.4% for detecting localized RNFL defects. 7, 8, 19, 20 In this study, the significance map (sensitivity 98.4%, specificity 88.9%, and AUC 0.937) and the thickness map (sensitivity 96.9%, specificity 86.1%, and AUC 0.915) according to the abnormal RNFL criteria showed a superior performance for detecting the localized RNFL defects. The 36 sector cpRNFL thickness, which was divided by 10-degree intervals, was comparable with the topographic RNFL maps (sensitivity 92.2%, specificity 87.5%, and AUCs 0.898). However, direct comparisons with previous studies may be limited, because the disease severity has a significant effect on the diagnostic performance of OCT, and the study population has different characteristics. 21, 22 RNFL defects are visible on red-free photographs only as shape of reduced optical reflectance when compared with thicker areas of the RNFL. 18 The cpRNFL The RNFL defect was defined as a wedge-shaped dark blue area surrounding an abrupt color scale change in the RNFL thickness map, at least larger than the diameter of a major retinal vessel.
Diagnostic ability of RNFL maps JW Shin et al measurements using OCT can be used to evaluate the depth of the RNFL defects. However, it is difficult to visualize the shape of the RNFL defects, because the scanning area is confined to the 3.4-mm circle line. Topographic RNFL imaging by SD-OCT with higher scanning speed and resolution allows simultaneous evaluation of the shape and depth of the RNFL defects. Kim et al 7 reported that the angular width of RNFL defects was related to the detection sensitivity of RNFL defects on SD-OCT. In our study, a similar tendency for the angular width of RNFL defects was observed in the RNFL significance map. However, we found that the sensitivity for detecting RNFL defects in topographic RNFL maps is not affected by the shape (area and angular width) or depth (average RNFL thickness) of the defects, except the angular width in the RNFL significance map. The topographic RNFL maps could detect smaller and shallower RNFL defects with higher sensitivity than cpRNFL thickness and macular inner retinal thickness measurements. The sensitivity for detecting RNFL defects based on cpRNFL thickness and macular inner retinal thickness were closely related to the angular width, area, and depth of the RNFL defects. The RNFL thickness and significance maps have advantages for detecting RNFL defects regardless of the morphological features of the RNFL defects.
CpRNFL scans for assessing glaucoma do not take the full advantages offered by using SD-OCT. SD-OCT offers the ability to take wide regional RNFL measurements with high scan speed and resolution. Therefore, previous studies using the circumpapillary method for evaluating localized RNFL defects or early glaucoma detection reported similar discriminating abilities between time domain OCT and SD-OCT. 7, 8, 23, 24 Analysis of RNFL maps is a proper way to exploit the advantages of SD-OCT. Leung et al 5 reported that a scoring system, which is designed to analyze the RNFL deviation map, significantly improves the diagnostic sensitivity for glaucoma detection at a high level of specificity when compared with cpRNFL measurements. In our study, the significance map and the thickness map showed a superior performance for detecting the localized RNFL Abbreviations: GCC, ganglion cell complex; GCL, ganglion cell layer; IPL, inner plexiform layer; NFL, nerve fiber layer; RNFL, retinal nerve fiber layer. a The RNFL defects were defined as Z1 sector at o5% of the normal level in cpRNFL thickness measurements. b The RNFL defect was defined as a wedge-shaped dark blue area surrounding an abrupt color scale change in the RNFL thickness map, at least larger than the diameter of a major retinal vessel. c Angular width and area of RNFL defects were evaluated on red-free RNFL photographs. d Average RNFL thickness of RNFL defects was evaluated on spectral domain optical coherence tomography.
defects. The detection of RNFL defects according to the presence or absence criteria on RNFL maps may serve as a useful diagnostic approach for SD-OCT in clinical practice. The RNFL, which is the axonal fibers of retinal ganglion cells, is distributed all over the retina in a characteristic pattern from the optic nerve to the peripheral retina. Structural damage to ganglion cells and their axons can cause a localized RNFL defect in any distributed area outside the 6 Â 6 mm 2 regional RNFL scanning area. Therefore, we evaluated the detecting ability of RNFL defects based on macular inner retinal thickness parameters, which are composed of NFL, GCL, and IPL thickness. The outer retinal layers are hardly affected in glaucoma, whereas the GCL and IPL of the retina, as well as the RNFL, are affected in glaucoma. 11 Recent studies reported that imaging of the macular RNFL is an effective means of detecting macular RNFL defects. 18 The mean thickness of the three innermost retinal layers is comparable with the cpRNFL thickness in discriminating whether glaucoma is present. [25] [26] [27] In this study, the macular inner retinal measurement was comparable with the cpRNFL measurement but showed a poorer ability than the topographic RNFL maps in discriminating RNFL defects.
A limitation of this study is the exclusion of diffuse RNFL defects. In clinical practice, glaucomatous RNFL damages do not always appear in the form of localized defects. Quantitative topographic measurements of diffuse RNFL defects are still a challenging problem in the RNFL thickness map. Manual delineation for the boundary of diffuse RNFL defects is difficult and may include subjective errors. Another limitation of this study is the exclusion of glaucomatous eyes without localized RNFL defects. The present study did not compare a group of glaucomatous eyes without localized RNFL defects with a group of glaucomatous eyes with localized RNFL defects. We can evaluate the abilities of SD-OCT Abbrevaitions: GCC, ganglion cell complex; GCL, ganglion cell layer; IPL, inner plexiform layer; NFL, nerve fiber layer; RNFL, retinal nerve fiber layer; SD, standard deviation. a Mann-Whitney U test. b The RNFL defect was defined as a wedge-shaped dark blue area surrounding an abrupt color scale change in the RNFL thickness map, at least larger than the diameter of a major retinal vessel.
parameters to distinguish eyes with localized RNFL defects from healthy eyes, but we do not know the ability of those parameters to identify localized RNFL defects. Segmentation errors are inevitable because of the large amount of sampling scan data for the SD-OCT RNFL maps. Segmentation errors in retinal thickness were previously evaluated by Sadda et al, 28 with severe errors being reported in 13.5% of cases. Clinicians should consider such erroneous cases in evaluating the RNFL thickness. To avoid critical errors, those cases with ambiguous or distorted RNFL defect borders in the SD-OCT RNFL maps were excluded in this study, as well as those with image quality factors o50.
In conclusion, SD-OCT RNFL thickness map and significance map have a superior ability for detecting the localized RNFL defects compared with conventional cpRNFL thickness and retinal inner macular thickness measurements. Combined interpretation of RNFL thickness maps and significance maps provides useful information about glaucomatous RNFL changes in clinical practice. Further studies are needed to evaluate the diagnostic ability of SD-OCT to accurately detect diffuse RNFL defects as well as localized RNFL defects.
Summary
What was known before K RNFL deviation map was reported as a superior alternative to conventional methods for detecting and monitoring RNFL changes. Little is known about the diagnostic performance of RNFL thickness map.
What this study adds
K RNFL thickness map also have a superior ability for detecting the localized RNFL defects compared with conventional cpRNFL thickness and retinal inner macular thickness measurements.
